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ABSTRACT: While agricultural residue is considered as a
near-term feedstock option for cellulosic biofuels, its sustainability must be evaluated by taking water into account. This
study aims to analyze the county-level water footprint for four
biofuel pathways in the United States, including bioethanol
generated from corn grain, stover, wheat straw, and biodiesel
from soybean. The county-level blue water footprint of ethanol
from corn grain, stover, and wheat straw shows extremely wide
variances with a national average of 31, 132, and 139 L of water
per liter biofuel (Lw/Lbf), and standard deviation of 133, 323,
and 297 Lw/Lbf, respectively. Soybean biodiesel production
results in a blue water footprint of 313 Lw/Lbf on the national
average with standard deviation of 894 Lw/Lbf. All biofuels
show a greater green water footprint than the blue one. This work elucidates how diverse spatial resolutions affect biofuel water
footprints, which can provide detailed insights into biofuels' implications on local water sustainability.

1. INTRODUCTION
With the goal of reducing greenhouse gas emissions and foreign
oil dependence, the Energy Independence and Security Act
(EISA) has set the target of blending 36 billion gallons (or 136
billion L) of renewable fuel into the U.S. transportation fuel
mix, in which 44% should be contributed by the cellulosic
ethanol and at least 3% from biodiesel.1 Although the largescale production of biofuels and their economically feasible
commercialization currently face significant technical challenges,2 studies still positively anticipate that cellulosic biofuel
alone will replace 10% of the national petroleum demand by
2022, with the ultimate potential to replace 30% of current
national fuel demand by 2030.3,4 As for biodiesel, a production
gap of 2.6 billion L remains from 2010 to 2022.5 The
production schemes for bioethanol and biodiesel have put the
U.S. on the global map as the number one second-generation
bioethanol producer and the second largest biodiesel producer
in the world, according to OECD-FAO’s projection to 2020.6
However, the water demand associated with the increase in
biofuel production is one of the major environmental concerns,
and withdrawal of water for global biofuel production is
projected to increase by 74% in 2017 as compared to 2009 if
agricultural and irrigation schemes remain the same.7
In a recent study by Wu et al.,8 the authors summarized nine
significant papers on the water footprint of biofuels in the U.S.
The results indicate that all of the studies use spatial resolution
at the state level or above, and the studies with national
coverage include only three types of feedstock at most. Among
the most studied feedstocks, the water footprint for corn is
analyzed in all nine studies,9-17 followed by switchgrass13'17

and corn stover.9'15 The limited selection of feedstocks makes it
difficult for these studies to comprehensively support decisionmakers in determining sustainable pathways to achieving
renewable-energy goals. Also, the spatial resolution in these
studies is not sufficient to reflect local water impact associated
with biofuel production.
In addition, the lack of a consistent water-footprint
calculation framework makes comparison among different
study results challenging. For instance, to quantify water
embodied in the biofuel, some studies refer to the total
withdrawals,10,15,16 whereas others aim to estimate consumptive
water.9,11-14,17 In terms of water characterization, gray-water
estimation still remains as a major challenge and has gained
little attention. A comprehensive study conducted by van
Lienden et al. 18 estimated blue and green water footprints for
first-generation bioethanol and biodiesel production on a global
scale. However, the authors state that gray water was excluded
from their study because of the lack of data. A recent work by
Mekonnen and Hoekstra 19 compiled a large water footprint
database for multiple agricultural products using a grid-based
irrigation modeling approach. The study relies on stochasticmodel generated precipitation and temperature to simulate
crop yield and water use. For gray water estimation,
Mekonnene et al. assume a national average fertilizer
application rate for each grid across the entire country, and

10% of the nitrogen fertilizer applied to the fields is leached
into water bodies with a background nitrogen concentration of
zero ppm regardless of the crop types. However, a previous
study states that background nitrogen concentration in the
streams and fertilizer application rates vary significantly from
region to region in the U.S., by which the nutrient loadings on
water bodies can be diverged.20
Therefore, to better assist national energy and environmental
decision-makers in selecting suitable biofuel feedstock by taking
local water characteristics and agricultural practices into
account, our study aims to estimate the national biofuel water
footprint on the county level, and to examine the extent of
spatial resolution and its impact on water footprints with the
most available agricultural and irrigation data in the U.S. The
key production systems assessed by this study include a future
multiple-production system utilizing both grain (corn grain)
and agricultural residue (corn stover and wheat straw) as
feedstock, and a single-production system deriving soybean for
fuel without using its residue. Thus, a total of two types of
cellulosic-based and two types of conventional feedstock are
examined. Biofuel water footprints are then presented on a liter
of water per liter of biofuel (Lw/Lbf) basis.
2. METHODS
The blue-water volume in the system accounts for consumptive
irrigation water lost through conveyance, operation, crop
evapotranspiration (ET), and process water losses. Green
water, however, refers only to the rainfall amount lost through
crop ET in our cases. Unlike blue and green water volumes,
which estimate actual water volume lost from the system, gray
water is the virtual water volume indicating the level of
pollution, agricultural pollutants in particular, associated with a
product or service.21
2.1. Green and Blue Water. The detailed calculation of
blue and green water volumes follows the procedure proposed
in the study of Wu et al.8 To distinguish between green and
blue water in the crop-growing stage, the total crop water
demand associated with ET is estimated using the Penman—
Monteith model. Proportional ET satisfied by effective rain is
classified as green water, and the rest hence requires blue water
from irrigation input to support crop growth. For each target
feedstock, the consumptive irrigation computed using this
approach plus the irrigation conveyance, operation losses, and
returned flow published by the USGS 22 equals the estimated
irrigation withdrawals, which are further calibrated using statelevel irrigation data reported by the USDA in 1998, 2003, and
200823- 5 (see Supporting Information Section 1).
In a biorefinery, the amounts of blue-water process water
used to produce one liter of biofuel from corn, stover, and
soybean are 2.72 L,26 5.40 L,27 and 0.77 L,28 respectively.
Wheat-straw bioethanol production via biochemical conversion
is similar to the stover conversion process.
2.2. Gray Water. The gray-water volume accounts for the
virtual quantity required to assimilate the pollutant load from
the permissible standards down to the natural background
concentration.21 In this study, we use nitrogen as an indicator
for the estimate of gray water, which is a common approach
found in previous studies.19,29 In addition, corn and wheat fields
receive more nitrogen fertilizer per hector than phosphorus in
the U.S. by over two folds.30 The fraction of nitrogen fertilizer
loss to water body resulted from the leaching process is also
significantly higher than that of phosphorus.31 Therefore,
nitrogen is a representative indicator in quantifying the water-

quality aspect associated with biofuel production. We establish
the county-level nitrate loading in water body resulting from
feedstock fertilizer application and the level of natural
background nitrate concentration in the streams based on
available data (see SI Section 2).
For corn and soybeans, we take two approaches to determine
the nitrate loadings associated with each type of feedstock,
depending on the location of the county. If a county is situated
within the Upper Mississippi River Basin, then a fraction of
nitrate leached into streams (output) in total nitrate fertilizer
applied in the fields (input) (NOI) is determined based on a
SWAT model simulation.32 Otherwise, we adopt the NOI from
a series of SPARROW-based models established by the USGS
using 1992 and 2002 information33-38 (see SI Table S1). In
addition, corn-stover not only receives fertilizer during its
growth but also the supplemental fertilizer to make up the
nutrient loss due to stover removal. The gray water of stover
accounts for the effect from both applications.
2.3. Feedstock Water Allocation. The water consumed
by crops for growth is attributed to the entire plant including
grain and stover, and is linearly related to the mass production
in each part of a crop plant. It is conceivable that blue, green,
and gray water resulted from the growth of the entire crop
plant should be allocated to grain and residue, if both parts are
utilized as biofuel feedstocks. In this case, each material is
proportionally responsible for the environmental burden
associated with the production process.
Given this principle, the mass-based allocation method is
suitable for feedstock water allocation between grain and
residue for corn and wheat, which can be achieved by using a
crop's harvest index (HI) (wt/wt%), defined as the ratio of
grain mass to the mass of the total aboveground plant27-30 (see
SI Section 3). The green, blue, and gray water volumes
associated with each feedstock in the growing stage can be
further allocated between grain and the collected residue based
on a crop’s HI. As for soybeans, because its residue is not
considered as a feedstock, the water footprint associated with
its growth is entirely allocated to the beans.
2.4. Coproduct Partitioning. An accurate account of the
water consumed by biofuel coproducts is essential to achieve
reliable water footprint results for biofuels. Five distinctive
coproduct partitioning methods are reviewed, including system
expansion, process energy, mass, product energy content, and
product market value. Given the nature of biofuel produced
from agricultural crops, we select system expansion in
conducting the coproduct allocation (see SI Section 4).
In our analysis, we assume the production of distillers grains
with solubles (DDGS) in the corn-ethanol dry milling can
displace corn, soybean and urea in the animal feeds.2 The
glycerin produced in the soybean biodiesel processing can
displace epichlorohydrin glycerin, which can be credited back
to soybean biodiesel blue water footprint. For the cellulosic
feedstocks of corn stover and wheat straw, bioelectricity is
generated as a coproduct during the biochemical conversion
process (see SI Section 4).
2.5. Water Resources. With respect to the water cycle,
blue water is the critical variable that is highly governed by
anthropogenic decisions and activities. We specifically classify
the percentages of blue water sourced from groundwater and
from surface water, on the basis of county-level water use data
for 2005 published by the USGS.39 The ratios between
groundwater and surface water in the irrigation and industrial
sectors are compiled for estimation of blue-water sources in the
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Figure 1. Blue, green, and gray water, in liters per kg dry feedstock, during the crop-growing stage. The horizontal bars represent the national average
values. The dashed lines show the variances of feedstock water footprints on a county basis. The shaded bars represent the regional range of
variances. The position of the national-average water footprint of each feedstock indicates the weight-shift effects caused by the dominating
feedstock-producing counties.

crop-growing and refinery stages, respectively. If the industrial
water-source data are not available for a given county, then the
source ratio representing the public sector is applied instead.
2.6. Data Sources. The climate data required for green and
blue water estimation are primarily derived from the National
Climate Data Center 40 for the period of 1970 to 2000. Crop
data and irrigation information are available from the National
Agricultural Statistics Service,41 Census of Agriculture,42-44 and
Farm and Ranch Irrigation reports.23-25 We use the average of
1998, 2003, and 2008 data as a baseline. To further distinguish
water sources extracted by irrigation and refinery operations,
the USGS report on water use in 2005 is adopted.39
Gray-water estimation requires fertilizer application information for each feedstock type, which is available from the
database hosted by the Economic Research Service of USDA.30
We use 2005 fertilizer application data to develop the baseline
for corn stover, and 2006 data for soybeans and wheat,
reflecting data availability. To estimate the ratios of nitrogen
loading in fertilizer input (NOI) for each type of feedstock on
the county level, values can be derived from studies previously
conducted by Argonne National Laboratory 32 and USGS.33-38
3. RESULTS
This water footprint study includes gray water in addition to
blue and green water for all the lower 48 states, with four
feedstock pathways, at county-level resolution. This study
assesses cellulosic biofuels based on and calibrated by local
agricultural and environmental data, to which the previous
global scale studies11,19 fall short to address due to data
availability. Thus, our study is based on the water footprint
methodology proposed by Hoekstra et al. 21 but with extensive
local data to reflect local agricultural practices with increased
spatial resolution and to address model validation. For example,
the theoretical blue water for irrigation estimated by the
evapotranspiration model has been verified by using the field
survey data, which allows us to improve the theoretical blue
water and reflects water loss through agricultural practices
including conveyer losses, irrigation losses, and water
conservation. We also quantify gray water associated with
biofuel production with the improved data set. The previous
gray water estimation relies on the assumptions including (1)

crops receive the same amount of nitrogen fertilizer per area in
a country, (2) a uniform leaching fraction is applied across a
country, and (3) background nitrogen concentration equals to
zero.19,29 In this work, we are able to collect and process
additional data needed to fill the data gap so that the
assumptions are no longer needed.
Another difference between current and previous studies is
the system boundary. This study is to quantify biofuel water
footprint from a future multiple production system that utilizes
both grain and agricultural residue as feedstock, which provides
straightforward comparison in the biofuels’ water implications
using different feedstocks. We also factor blue and green water
into water resource aspects and provide a picture to illustrate
how biofuel may shape future water sustainability. Notably, all
of the county-level variances in water footprint presented in the
following sections are directly accounted without strategically
sourcing feedstock from preferred locations to reduce water
impact.
3.1. Water Footprint in the Crop-Growing Stage.
During the crop-growing phases, green water shows the
greatest variances, followed by gray water and then blue
water, in terms of volume per kg dry feedstock disregard the
next unit process (Figure 1). For blue water, soybean and corn
grain or stover appear to have the highest county-level
variances, ranging from 0.01 to 2539 L/kg and 0.01 to 1283
L/kg, respectively. Corn grain and stover also show the greatest
gray-water variance, ranging from 9 to 1799 L/kg for corn grain
and 11 to 2215 L/kg for stover. The difference in gray-water
distributions between corn grain and corn stover is greater than
that in green or blue water because stover is responsible not
only for the gray water associated with fertilizer used during the
corn-growing stage, but also for that applied as a nutrient
supplement to soil after the stover is removed.
In terms of green water, corn grain and stover appear to have
the least county variances ranging from 21 L/kg to 2543 L/kg,
followed by wheat straw and soybean of 50-3572 and 6825821 L/kg, respectively. The distribution of water footprints in
feedstock growing stages leads to a larger variances of the
soybean biodiesel in the blue and green water category than
other biofuels using corn, corn stover, and wheat straw.
However, soybean biodiesel appears to have the least gray water

Figure 2. Liters of blue and green water per liter of biofuel by feedstock in various regions. The blue and green water footprints are aggregated to the
regional scale by feedstock. The background color gradient indicates the fraction of blue- and green-water appropriating a county's effective
precipitation, assuming 30%, 24%, 12%, and 30% of corn grain, corn stover, soybeans, and wheat straw, respectively, are consumed by the biofuel
production. The white background color indicates the lack of crop data, hence, equivalent to zero blue and green water. Notably, the results apply to
the production systems that corn grain and stover are both harvested for biofuel, wheat residue is used for biofuel and grain for food (not presented
in this study), and soybean for fuel (residue not harvested).

variances due to the low fertilizer demands during soybean
growing stages. The wide distribution of feedstock waterfootprint variances indicates the importance of elucidating
biofuel water demand by taking spatial resolution into account.
3.2. Comparison of Biofuel Blue and Green Water
Footprints by Pathways. Ethanol produced from corn grain,
stover, and wheat straw applying a multiple-production system,
where both grain and residue are harvested for biofuel, has the
national average blue water footprint of 31, 132, and 139 L of
water per liter ethanol (Lw/LEtOH), respectively. Soybean
biodiesel, which is described as a single-production system
using grain for fuel without harvesting residue, appears to have
an average blue water footprint of 313 L of water per liter
biodiesel (Lw/Ldsl). Overall, blue and green water are found to
be geographically complementary across all biofuel feedstocks
(Figure 2).
At the county level, ethanol from corn grain and stover
shows blue water footprint ranging from -587 to 1809 Lw/
LEtOH and 5 to 3896 Lw/LEtOH, respectively. As the major corn
producer in the U.S., the Corn Belt region results to corn-grain
and stover ethanol blue water ranging from —9 to 122 Lw/LEtOH
and 5 to 424 Lw/LEtOH, respectively, comparing that with the
highest blue water of 1809 and 3896 Lw/LEtOH for corn-grain
and stover ethanol at a county located at the Southern Plains.
Note that some counties may show negative blue water owing
to the received water credits higher than water that is
consumed. The county-level blue water of soybean biodiesel
and wheat-straw ethanol ranges from 0.1 to 11 107 Lw/Ldsl and

5 to 3615 Lw/LEtOH, respectively, in which the highest values
occur at two counties located at the Northern Plains and the
Mountain regions. In contrast, Appalachia region can produce
soybean biodiesel and wheat-straw ethanol with the lowest blue
water footprint ranging from 0.1 to 380 Lw/Ldsl and 5 to 101
Lw/LEtOH, although it is not a dominating soybean or wheat
producer (Figure 2). The highest blue water of soybean diesel
and wheat-straw ethanol appears to be 11 107 Lw/Ldsl and 3615
Lw/LEtOH.

At the regional average, soybean biodiesel results in blue
water from 37 Lw/Ldsl at the Appalachia region to 1898 Lw/Ldsl
at the Delta. Ethanol produced from corn grain, corn stover,
and wheat straw that grown in the Pacific region have the
largest blue-water footprints of 563, 1211, and 491 Lw/LEtOH,
respectively, comparing that with the lowest of 6 and 16 of
corn-grain and corn-stover ethanol at the Corn Belt and 6 Lw/
LEtOH of wheat-straw ethanol at the Appalachia. This result
echoes the analyses found by Chiu et al. 10 for corn ethanol,
although the calculation approach and spatial resolutions are
different. As a complementary result, green-water footprint for
the ethanol produced at Pacific appear to be the lowest, ranging
between 87 Lw/LEtOH using corn grain and 130 Lw/LEtOH from
corn stover.
3.3. Gray-Water Spatial Variation. The geographical
distribution of gray-water volume and its numerical range is a
result of not only fertilizer input, but also fertilizer leaching
patterns and the characteristics of local natural background
nitrate concentrations. Therefore, the Appalachia, Delta, and
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Figure 3. Total biofuel gray-water footprints and attributions for different feedstocks. The background color indicates the harvest-area weighted total
gray-water depth associated with all the studied fuel feedstocks, following the same crop consumption assumption as in Figure 2. The length of the
bars represents liters of gray water resulting from each liter of biofuel generated by different types of feedstock. The white background color indicates
zero gray water because of the lack of crop data. Notably, regional nutrient-loading studies are less often available in the southwestern U.S., including
California and the southern part of the Mountain region. The gray-water analysis results, therefore, are less representative in these states.
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Figure 4. Regional blue-water footprint of biofuels from surface water and groundwater estimated from this study.

the Southeast regions are found to have larger gray-water
footprints associated with biofuels. Figure 3 indicates that using
the same feedstock acquisition assumptions as that in the
previous section, the entire biofuel industry would result in
total gray-water amounts ranging from 0.1 to 126 mm per
square meter of cropland devoted to biofuel production. Cornstover ethanol produced in the Delta region results in the
highest gray-water footprint of 1508 Lw/LEtOH, whereas
soybean biodiesel from the same region show the lowest
gray-water footprint of 30 Lw/Ldsl.
3.4. Water-Resource
Appropriation.
Assuming
the
biofuel industry accounts for 30%,41,45 24%,32 12%,5 and 30%
of corn, corn stover, soybeans, and wheat straws, respectively,
as a norm, a total of 62 billion L of ethanol and 1.8 billion L of
biodiesel can be produced. The total blue and green water
volumes appropriated by the production of this magnitude of

biofuels range from merely a trace to 21% of the annual countylevel effective precipitation. The highest appropriation occurs in
the Northern Plains region (Figure 2).
We further analyze biofuel water footprint from the watersource aspects. The results indicate that approximate 77%, 85%,
and 88% of the blue water consumed by corn-grain, cornstover, and soybean biofuels production is sourced from
groundwater, whereas 58% of wheat-straw bioethanol blue
water is from groundwater (Figure 4). To produce a total of
63.8 billion L of biofuel using the prefixed amount of feedstocks
as stated at the beginning of this section, the groundwater
would contribute to the biofuel blue water from merely a trace
to 3050 Lw/Lbf on the county level, and surface water would
account for up to 3385 L of blue water in each liter of biofuel
production depending on the location of a county. The local
values are much higher than the national average of 67 L of
9159
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groundwater and 19 L of surface water per liter of biofuel. In
general, the Southern Plain, Pacific, and Delta regions appear to
source more groundwater than other regions on the per-liter
biofuel basis (Figure 4).
3.5. Sensitivity Analysis. The perturbation method is
employed to test the sensitivity of 13 selected entities in
affecting the national average water footprint in liters of water
per liter biofuel, including assumptions associated with crop
yield, residue removal rates, process water, biofuel yield,
fertilizer application rates, the fraction of nitrogen loading in
fertilizer input, background nitrogen concentration, solar
radiation, precipitation, temperature, and irrigation area (SI
Figure S3).
We select corn stover as an example as the overall modeling
structure of each biofuel feedstock pathway is similar. The
results are obtained by increasing the examined factors
independently by 1%, and indicate that blue, green, and gray
water is highly affected by the ethanol yield. Individually, blue
water is also sensible to the assumption of corn yield, whereas
green water is very sensitive to the data accuracy of
precipitation, and gray water is highly affected by the
assumption of nitrogen fertilizer input and loading (SI Figure
S3).
The results imply the importance of technology advancement
in crop and fuel production, the monitoring of crop
management data, and precision of precipitation data in
estimating biofuel water footprint. This again echoes with the
specific aims of this study that water footprint analysis must be
conducted with a spatial resolution fine enough to reflect local
climate and agricultural characteristics.
4. DISCUSSION
4.1. Data and Method Improvements. The estimates of
the biofuel water footprints highly rely on the availability of
input data, the interpretation of the production systems, and
the assumptions of coproduct credits. Therefore, comparison of
results among different studies must be made cautiously by
clarifying data baselines, model resolutions, and production
assumptions.
Comparing the water footprint of corn-grain ethanol and
soybean biodiesel with the data compiled from a previous study
of Mekonnen et al.,19 our results appear to be much lower. For
example, Mekonnen et al. report a state-level blue water in
corn-grain ethanol ranging from 0.1 Lw/LEtOH to 1407 with a
national average of 148 Lw/LEtOH in the U.S., whereas we find
blue water footprint of corn-grain ethanol ranging between 3 to
739 Lw/LEtOH at the state level with a national average of 31
Lw/LEtOH. However, the prior one applies a single-production
system, where corn residue is not used as a product, and our
study adopts a multiple-production system where both grain
and a fraction of residue are harvested for fuels. To simulate a
comparable corn ethanol—water footprint scheme, the portion
of water footprint previous allocated to stover should then be
accounted for the corn-grain ethanol if stove is not harvested
for fuel, resulting in a 48% and 79% less green and blue water
than what is estimated by Mekonnen et al. The difference
between these values are anticipated and can be attributable to
climate data year difference (1970—2000 in this study vs 1900—
2002 in Mekonnen et al.), corn yield (1998—2008 in this study
vs 2002 in Mekonnen et al.), irrigation estimates, and most
importantly, the assumption of coproduct water allocation
stated in methodology (SI). In terms of gray water, the results
from our study are 33% and 126% higher in corn ethanol and

soybean biodiesel than what are estimated by Mekonnen et
al.,19 comparing 548 Lw/LEtOH and 115 Lw/Ldsl from our
estimation with 412 Lw/LEtOH and 51 Lw/Ldsl in Mekonnen et
al. if stover is not removed for ethanol production. The results
show that using local fertilizer input, watershed nutrient loading
estimated by hydrological models calibrated by monitoring
data, and watershed background nitrogen concentrations in this
study can reshape the gray-water assessment. To determine the
uncertainty in computing gray water, we compare the nitrogen
loading and fertilizer application data derived from different
hydrological models (SWAT vs SPARROW) using the Upper
Mississippi River Basin as an example (SI Section 5). The
estimation of gray water still remains as a challenge in water
footprint accounting as SPARROW appears to be less sensitive
to local soil, climate and hydrology characteristics than SWAT.
However, SPARROW is the only available model that simulates
nutrient transportation with national coverage with land use
classifications. Although SWAT provides sophisticated simulation on nutrient fate and is preferred in quantifying nitrogen
loading, its application on large geographical coverage requires
tremendous efforts in computation. Therefore, the gray water
footprint can only be interpreted as a reference for comparison
instead of a validated value.
Coproduct credit is another key issue in water footprint
accounting especially in the corn-ethanol system. Results
indicate that without incorporating coproduct water credit,
the total water footprints of the corn-grain ethanol is almost
three times higher than those estimated with coproduct credits.
Thus, the lack of considering coproduct credits can eventually
lead to the overestimated biofuel water footprints. In addition,
the relative lower value of corn ethanol—water footprint could
be caused by a larger coproduct DDGS water credit in which a
majority is from blue and green water use in feedstock
production.
4.2. Spatial-Resolution Effects. As Figure 1 clearly shows,
blue, green, and gray water footprint appear to have wide
variances of distribution depending on the spatial scales
examined. By changing the resolution from the county level
to the national level, the extreme values associated with
different input parameters are then compromised. Using corn
ethanol as an example, the county-level corn yield ranges from
1500 to 16 600 kg/ha in the U.S., whereas the regional yield
ranges from 4200 to 9400 kg/ha with a national average of
9020 kg/ha. For the counties growing corn, the average
irrigated area fraction ranks from 0 to 100% at the county level,
whereas that at the regional level falls between 1% and 89%
with a national average of 15%. During the growing season, the
lowest corn irrigation requirement is estimated as 7 mm,
whereas the highest is 772 mm at the county level, but the
regional value ranks from 134 to 366 mm with a national
average of 217 mm.
Therefore, with an increase in resolution from national
average to state to county, the ranges of green, blue, and gray
water embodied in each pathway are amplified. Projections
made on the basis of national averages can underestimate or
overestimate the impact at the county level (Figure 1). If only
limited small-scale samples are available, then it is advisible to
carefully choose areas with representative irrigation and climate
conditions for determining national or large-scale water
footprints. However, water footprints derived using this
bottom-up approach should not be applied to other local
cases unless they share similar agricultural and climate
characteristics.
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4.3. Site Selection. Even though the county-level or finerresolution analysis is preferred in assessing water footprints,
each level of spatial resolution can actually have a certain degree
of unique utility. For instance, the country-level analysis can
provide fundamental information to support national energy
policies, derive a key picture of the energy-water nexus, and
estimate impacts. Regional assessment is suitable for supporting
industrial decision-making processes, and provides regional
long-term planning and water sustainability guidelines related
to energy development. County-basis water footprint analysis is
particularly beneficial for community engagement, local water
impact assessment, and biofuel refinery site selection.
Using the results compiled from this study, each region can
prioritize biofuel feedstocks by comparing water demand and
supply associated with various biofuel life cycles. As shown in
Figure 2, regions of the Northeast, Appalachia, the Corn Belt,
and the Lake States are suitable for multiple feedstock
combinations, whereas the Southeast may choose corn ethanol
and wheat-straw ethanol over other pathways. The Delta and
the Northern Plains regions may promote wheat-straw ethanol
in response to blue-water assessment results.
4.4. Sustaining Water Resources. Traditional perspectives in defining biofuel sustainability are often found to be
driven by economic and infrastructure considerations46-49 or,
to some extent, by ecological and environmental quality related
to land resources.50'51 Our study quantifies biofuel water
footprints on the county level, taking water resource limitations
into account, and can facilitate the consideration of
supplementary factors in defining sustainable biofuels.
If the feedstock acquisition scenario described in the Results
section (see “Water-Resource Appropriation by Region”) is
followed, then biofuel blue and green water together can
account for 1.5% of the national annual effective precipitation,
in which over 84% of the counties in the U.S. appropriate less
than 5% of local annual effective precipitation for biofuels
production. The Northern and Southern Plains regions sourced
91% of their blue water from groundwater (Figure 4), which is
supported by the nation's largest fossil water reservoir, the
Ogallala Aquifer. The variation of water resource dependency
indicates that the water requirement for biofuels remains as a
local challenge.
Future refinery site selection and biofuel production
scenarios combining multiple feedstock pathways can be
further assessed using the water footprint developed in this
study. By quantifying water requirements on a county basis and
disaggregating green, blue, and gray water compartments, we
can better elucidate how biofuel policies will shape national and
local water resources. Steps to prevent consequential impact
can also be taken by adopting suitable site selection and suitable
land screening based on the water demand and supply analysis.
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